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ELASTOMERS REINFORCED WITH CARBON NANOTUBES 

[00011 This invention was made with support from the National Aemnautics and 
space Administration, Grant Nos. NAS/wsCNCC-9-77 and NASA TiiMS NCO01- 

0073046, and the Air Force Office of Scientiflc Resea«i,, G,«nt No. R9e20^1. 

Uoo4. 

CROSS REFERENCE TO RElj^TED APPUCATIONS 

10002, This Application daims prions ,o United States Provisional Patent 
Application Serial No. 60/480,643 died June 23, 2003. 

FIELD OF THE INVENTION 

roo031 The present Invention relates generally to elastomeric matertals, and more 
I'lTf ^^"^ '™ "-"-""^ 

BACKGROUND 

C0004] Elastomere are used commercially In a wide mnge of applications In many 
martcet segments Including ml*er tires, which Is the largest consumer of natural and 
synthetic ,x,bber. The North American synthetic ,ul*er Industor had a volume of 2 2 
mill^n mewc tons in 2002 [Tt^lo AH: "Synthetic Rubber," Cem. * Bag. News 2003 
•1.23]. The global marKet (or fluoioalastomers. an Important category of high^ 
perfom^nce ela«omer used In extreme envlranments In aemspace, automottve 
Chemical processing, oil and gas, and semiconductor applications, was 40 000 
metnc tons in 2000 with a value of $4S0 million in 2002 rTullo AH: "A Renaissan« In 
Fluoroelastomers," a,en,. & Eng. Nev^ 2002, 80:15]. DuPont Dow Elastomers LLC 
IS the worid's largest fluoroelastomers maker, with 41% of the marKet in 2000 
Pnces range t»om $40 to $400 per kg fbr these unique products that perfom, In 
conditons where no other products wni sufHoe. 
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lOOOS] Polymer-based composites, where polymere serve as (he matrix for 
.rK,nganio fillers, have had signillcant Impact as englneedng materials Filled 
elastomers and fil»r-reinforced composites a« among the most well known 
examples. Cart.on black or glass libers are incoiporated Into polymer hosts resulting 
'n significant improvements in mechanical properties (impact strength, tensile and 
compressive moduli and strength, toughness) over that of the native polymer More 
rBcenHy. there has been interest In maWnfl hybrid, organl^inorganic materials in 
whK*, nanoscale inorganic partides, because of their large surface to volume ratios 
and because of the possibility of Introducing syneralsms not antiapated in 
maoocomposites, are incorporated inio polymer hosts [CBiannells EP, Krishnamoorti 
R, Mamas E: "Polymer-sBlcate nanocompcsites: Model systems for confined 
^ymers and polymer bmshes," /Idv. Pofym. Sci. 1999, 13M 07-147; Giannelis EP- 
Polymer leered Silicate Nanocomposites," Adv. M^ter. 1998, 8:29] Amongst 
these nanocomposites, significant enhancements in mechanical and physical 
properties have been observed fbr elastomers and thermosets filled with layered 
sihcates and nanoscale silica and titania particles, and these enhancements have 
been <»nelated with the suri^ce area of the Inorganic material added and me extent 
Of inter^da, interaction between me cross^inkable polymer and «,e nanopar«c.es 
(Mark JE: Some Simulations on flller reinforcement in elastomers," Modular 
Oj^te and UguU Cry^^ 2002, 374:29-38; Hsiao BS, White H, Rafallovich M 
«temer FT, Jecn HG, Phillips S, Uchtenhan J, Schwab J: "Nanoscale reinforcemeni 
Of polyhedral oligomeric silsesquioxane (POSS) in polyuremane elastomer," Po/yw 
n^ma,on., 2000, 49:437-440; LeBaron PC, Wang 2, Pinnavaia TJ: "Polymer- 
layered silicate nanocomposites: an overview," ApplM Clay Schnce 1999 is n- 
29; Bumslde SD, Giannelis EP: "Nanost^cture and properfles of polysl'loxane- 
l^ered silicate nanocomposites," Journal of Polyn^r Scfence Part B^lymer 
PAj«fcs2000, 38:1595-1604]. •"-otymer 

10006] Traditionally, additives are applied within elastomers to make them have a 
higher tensile modulus (stiffness), but the result is generally accompanied by a 
concomitant large reduction In the slrain-at-b«ak Specifically, as a comparison 
polyisoprene shows a strain-at-break of 10 O.e., 1000%) or higher. By adding 60^ 
80^ by weight cart.on black, me tensile modulus could increase 10-fbld (lOx) but 
me strain^t-break would fall to less man 3 (300%), hence It would no longer respond 
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like an elastomer, but as a thermoplastic in its dynamic mechanical properties The 
development of high strength elastomers with high breaking strains and low densities 
are crucial In many applications including tires, belts, hoses, seals. O-rings. blow-out 
preventers (BOPs). etc. Oiat affect industries such as automotive, engine 
aerospace, oil drilling and refining, etc. Therefore, any mechanism by which 
elastomers could be stiffened, while retaining the elongation-to-break properties 
would be a significant advance. 

tOOOZI Nanophase materials have recentiy shown great potential in many 
applications due to their unique optical, electrical, chemical, and mechanical 
properties. Inorganic ceramic nanomaterials in particular are being considered as 
strengthening agents for polymers. Nano-sized Inorganic fillers can add tensile 
strengtii. stiffness, abrasion resistance, and stability to polymer networks. However 
a major limitation to the use of nanomaterials in polymer composites is dispersion of 
hydrophllic nanoparticles in very hydrophobic polymers. Unmodified nanoparticles 
Often aggregate in tiiese composites and lose their nanoscale size and 
corresponding properties. 

10008] Carbon nanotubes, and single-walled cart»n nanotubes (SWNTs) In 
particular, have attracted considerable attertion due to their unique chemical and 
Physical properties as well as their p,on,ise in the area of n,ateHals cherrtetry [Bahr 
JL Tour JM: "Covalent chemistry of singte-wail cart.on nanotubes," Journal of 
Msterfa/s C/,em/s,o. .2002, 12:1952-1958; Hi,«ch A: Tunctionalization of slnole- 
walled cartx,n nanotubes." A,9ewa/«We ChemMntematlona, Edition 2002 41-1853 
1859; Colbert DT; ■Sinaie-waii nanotubes: a new option for conductive plastics and 
englneedng polymers,- Plasttos Admives & Compounding 2003. January/Febnrary 
Baughman RH, Zakhidov AA, de Heer WA: "Carbon nanotubes - a route toward 
applications," Solance 2002, 287:787-792]. However, while it is an ac«ve ama of 
researeh. many of the issues concemlno the effedive disperalon of the nanotubes In 
polymer matrices have yet to be completely understood and o^anized. SWNTs 
exh^t extraoTdlnan, combination of mechanical, electrical, and thennal properties 
DTakcbson Bl, Brabec CJ, Bemholc J: "Nanomecharilcs of Cartoon Tubes- 
lnstab,l*es beyond Unear Response." Phys. Rev. Lett. 1 996, 76:251 1-2514- Walters 
DA. Ericson LM. Casavant MJ, Uu J, Colbert DT, Smith KA, Smalley RE:' "Elastic 
Strain of Freely Suspended Single-Wall Carijon Nanotubes Ropes," Appi Phys Lett 
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1999 74:3803 - 3805; Saito R, DTBsselhaus G. D^sselhaus MS: "Physical 
Properties of CartH.n Nar,otubes," lx.ndon: Imperial College Press; 19981 They 
possess tensile strengths of 50 - 200 GPa, estimated Young's moduli of 1^ TPa 
and high strains (- 5 - e %) at break (Walters DA, Ericson LM. Casayant MJ, Uu J.' 

Cart»n Nanotubes Ropes.- Appl. Phy,. ,999. 74:3803 - 3805- Salto R 
Dresselhaus G, Dresselhaus MS: Thyslcal Properties of Car1>on Nanotubes" 
L«,don: imperial College Press; 1998; Salv^at J-P, Brigge GAD, Bonard J-l«. Bacsa 

W^,Z * T" ^' ^ <" Single- 

Wailed Cartoon Nanotube Ropes," Phys. Rev. LM,. 1999, «a944.947; Treacy MMJ 

Ebbesen TW, Gibson JM: Afaft,™ 1996, 381:678 - 680; Yu M-F. Files BS Arepaili s' 

Ru^ RS: "Tensile loading of Ropes of Single Wall Carbon Nanotubes and thei; 

Mechamoal Properties," Phys. Rev. LeH. 2000, 84:5552 - 5555; Yu M-F Lourie O 

ever MJ, Molonl K Kelly TF, Ruoff RS: "Strengm and Breaking Melanism oi 

Multn^alled Cart»n Nanotubes Under Tensile Load," Science 2000, 287 637 - 64^ 

Rao AM Richter E, Bandow S, Chase B, Williams KA Fang S, Subbaswamy Kr' 

Me^n M These A, Smalley RE: "Kameter-Seiective Raman Scattering from 

~na. Modes in Cart»n Nanotubes," Sconce 1997, 276:187-191; Lourie O, Cox 

DM. Wagner HD: "Buckling and Collapse of Embedded Carbon Nanotubes," Pftys 

Rev. Le«. 1998. 81:1638 - 1641). Further, when Pleased from strain, bent SWNTs 

recover their original fom, without direct fhacture [Falvo MR. Clary GJ. Taylor II RM 

Ch, V Brooks Jr FP. Washburn S, Supertine R: "Bending and Buckling of Carb^l 

Nanotubes under Large Strain," NeU^ 1997, 389:582-584; Marco Buonglomo 

Nardell^ B. L Yakobson. Bemholc J: "Mechanism of s^ain r^ease in <^ri>on 

na^tube^.. p^. B 1998. 57:4277 - 4280], On the basis of «,e" 

extraordinary mechanical properties and the large aspect ratio assodated with 

,nd™,dua. tubes (typically -10^, sWNTs are excellent candidates tbr the 

development of nano-relnfbrced polymer composite materials [Mitchell CA Bahr JL 

"°-P-^on Of Functionalized Cart»n 
Nanotubes ,n Polystyrene," Mecromcleculee 2002, 35:8825-8830]. Moreover 
because of their extraordinary optical, electrical and electronic properties, SWNt' 
based «mposite materials are considered to be good candidates to serve as the 
acm« material component in a new generation of devices tSalto R, Dresselhaus G 
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Dmssalhaus MS: "Physical Pnopertes of Carbon Nanotub., •• London: Imperial 
College Press; 1998; Strano MS. Dyke CA. Usrey ML. Barone W, Allen MJ Shan 
HW Wthell c. Hauge RH. Tour JM. Smalley RE: "Electrorjc shiCure control of 
single^ralled carbon nanotube funcUonalization." Science 2003. 301:1519-1522]. 
C0009I Research on nanotube composites have concentrated, for the most part 
on polymer-multlwalled nanotube (MWNT) based materials [Gong XY Uu j' 
Baster^n S. Vdse RD. Young JS: "Surfactant^ssisted processing of' carbo,; 
n^iotube^olymer composites.- Chen, Mater 2000. 12:1049-1052; Jin Z. Pramoda 
KP^Xu O. Goh SH: "Dynamic mechanical behavior of melt-pracessed multi-walled 
cart>on nanotube/poly(methyl methacrylate) composites." Chen, Phys Lett 2001 
337:43-17; Zhao Q. Wood JR. Wagner HD: "Stress fields around defects and fibers 
■n a polymer using carbon nanotubes as sensors." AppI Phye Lett 2001, 78-1748- 

B 2000, .2:7571-7575; Qian D. DiCey EC. Andrews R. Rantell T: "L^^ 
^nsler and defomiatlon mechanisms In carbon nanotube- polystyrene composites" 
y P^s Le« 2000. 76:2868-2870; Cunan S. Davey AP. Coleman J. Dalton A 
McCarthy B. Maler s. D^ry A, Gray D, Brennan M, Ryder K. et al.: "Evolution and 
evaluaton of the polymer nanotube composite." Synthetic Metals 1999 103 2559- 
2562; Lourie O, Wagner HD: "Evidence of stress transfer and fom«tion' of ftacture 
dusters ,n carbon nanotube-based composites." Composites Scfence and 
r^hnocy 1999, 59:97^977; Wagner HD. Loude O. Zhou J. 
Macrofragmentauon and m,cofragmentatl«, phenomena in conposite materials" 
Composites Part a-Applled Science and Manufactunng 1999. 30:59-66- Gam A 
Sinnott SB: "Eflect of *emlcal funcUonalization on the mechanical prope,«es oi 
«rbon nanotubes." Chen, Phys Lett 1998. 295:27^278; Cunan SA. Ajayan PM 
Blau WJ, Carroll DL. Coleman JN. Dalton A8. Davey AP. On.ry ^ \^X s 
Maier S: "A composite from Poly(m-phenylenevlnylene-co-2.Mloctoxy-^ 
Phenylenevlnylene) and carbon nanotubes: A novel material for molecular 
optoelectronics." Adv /Water 1998. 10:1091; Loune O. Wagner HD: "Evaluation o, 

Z^T^'sZTT ""^^ spectroscopy." J Mater^ 

1998 13.2418-2422; Sinnott SB. Shenderova OA. White CT. Brenner DW- 
Machanicai properties of nanotubule fibers and composites detemiined from 
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aieorsuca. calcul^ons and simuIaSon,." Carton 1998, 38:1-9; Wagner HD, Lourie 

1m K "^^'^^ fraonentatlon of mulBwall carbon 

nanotubes ,„ a polyn,er matrb," Ap^ Phys M 1998, 72:188-190; Schadlar LS 
G,an,«,ris SC, Alayan PM: "Load transfer (n oart>cn nanotube epoxy composites" 
^ ^ «:3842-3844; Wood JR, z.ao Q, Wagner HD:^.OdenL:n o, 
^on nan^bes in pdy™,, and Ite detection by Raman spectroscopy" 
Compo«,es PaH a-Afmo Science a™, Manu,actu,ng 2001, 32:391-399; Cooper 
a^ t?"" """" ""^"^ ^ ^ '--'Oration o, ca*on nanotubes 
r =P«*o-opy." Co;„pos*es Pan a- 

>W/ed Scenoa and Afe„<^ft,rfns, 2001, 32:401-411; Cooper CA Youna RJ- 

TTT. " -'*-'NP= Pa«cu,a.e composites through 

tt« use of Raman spectroscopy," Journal of Raman Spect^copy 1999 30-929- 
938, PCymer-MWNT composites exhibit mechanica, properties tha'ara sup^ L 

strength and moduius and the feet that the stress transfer efBcency can be just over 

W3842-38441. Mechanical measurements of PS-lWVNTs show that 1 wt% of 
MWNTs .noease the moduius by up .0 40.. rwagner HD, Lou.e O, Faldin Y 
Tenne R: "SUas^nduced fragmentation of mul.„all carbon nanotubes In a pCy J; 
matn,," App, P,y, 1933, 72:188-190). Apart ,™m convenUonai 

(DZZ"t r"'" — ™^ 

(DMA) have been perfonned. DMA measurements reveal that 1 wt% MWNT in 

dZ!!"t tT"^ '''^ '^"""^ app«».mateiy 30% and 

decreased T, by overZO'C tSchadler LS, Glannahs SC, Ajayan PM: "Load transfer 
in oart»n nanotube epoxy composites," AppI Phys Lett 1998, 73:3842-3844, The 
presence o, 20 wt% MWNT In poly(me,hyl memacylate) (PMMA) resuiJ m an 

W. Nonl,near optcal propertes of some polymer/multi-waHed carbon nanotJbe 
^niposites C.e™ P„y. u«2000, 3,8:505-510,. This Increase Is accompald ^ 
» y a small .ncrease In the T.. These results hearty incHcate that nanotube based 
pol mer-nanocomposites are viable englneenng materials for a range of 
applications. ^ ^ 
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10010] Polymer-SWNTs ccnposHes show even mom pmmfee *en the MWNT 
based hahocomposltes as potential highs,e*m,ance ernilneertng materials 
[Banraza HJ, Pompeo F, Wear EA, Resasco DE: "SWHT-filled thernioplasSc and 
t^TZZ^*" ...inlemulslon polynierization," N.no Let,.^ 

2002 2:797^02: Duftesne A. Palllet M, Puta.« JL, Canet R, Carmona P. Delhaes P 
Cu. S: Processlna and charactetotlon of oa*on nanotube/poly(styreneH=o-butyi 
™) nanooomposltes," J ofMa^rials Science 2002. 37:3915-3923; Steuemian 
DW. Star A, Nariz^no R. Choi H. RIes RS. NlcoHnl C, Stoddart JF. Heath JR- 
Inleraefons between conjugated polymers and single-walled cartoon nanotubes J 
ITT',*""""^ e 2002, 10e:312«130; KymaMs E, Alexandou I. Amaratu^ga 
GAJ: S,ngle-walled carbon nanotubeH>olymer composites: slectncal. optcal and 
sSTicUiral investlflatloh," Synmetic Matefe 2002, 127:59-62; Wei CY, Srivastava D 
Cho KJ: Thermal expansion and diflOsion ooeffldems of carbon nanotube-pdymer 
«.".pos,tes," Nano LeUers2002. 2:647^0; Grady BP, Pompeo F, Shambaugh RL 
Resasco DE: "Nudeation of polypropylene crystalliza.on by single-walled ca*on 
nanourbes," J of Physical Chemistry B 2002. 106:5852-5858; Alexandrou I. Kymakis 
E. Ama^tunga G^: "Polymer-nanotube c»mpos„es: Buivlng nanotubes improves 
meirfleld emissron properties." Applied P,y,ics LeHers 2002. 80:1435-1437; Kumar 
Dosh, H, Srinlvasarao M, Parte JO. Schlraldi DA: "Hbers from po,yp™py,ene/nano 
«ri=on fiber composites." Poft^er 2002. 43:1701-1703; Uao K, U S: ■ Interfacial 
diaracteristcs of a carbon nanotube-polystyrene composite system" Applied 
Pl^lc UUe. 2001. 79:4225-4227,. For instance. DMA studies of I Z 
polymertzed PMMA^nTs demonstrated «,at the tensile modulus increased by 
more than a factor of S less than 0.1 w, % SWNT IPulz K, Mitchell CA 
Knshnamoortl R, Green PF: "Bastic Modulus of Single - Walled Carbon Nanotube 1 
PMMA Nanooomposltes.- J. Pclyn,. Scl. Pert B: Polym. P,ys.. 2004. 42. 2286 - 
2293]. These improvements are far In excess of that observed in the PMMA-MWNT 
nanooomposltes. Independent experiments on PMMA-SWNTs at low nanotube 
^n^ntrattons indicate that the polymer is in«matsly mixed the nanotubes 
(Benoit JM. Conaze B, Lefrant S, Blau WJ. Bemler P, Chauvet O: Transport 
prapert^s Of PMMA-carbon nanotubes composites," Syn,l,e«c Metels 2001 
121:1215-1216; Stephen C. Nguyen TP. de la Chapelle ML. Lefr^nt S. Joume" c 
Bemier P: "Characterization of singlewalled carbon nanotubes-PMMA composites." 



7 



wo 2005/014708 



PCT/US2004/020108 



Synthetic Metals 2000. 108:139-149]. On the other hand, measurements of the melt 
rheology of PS-SWNT nanocomposites Indicate a substantial Increase in the 
viscosity and elasticity of the system at low shear rates at 1 wt% and suggesting of 
dispersions with effective aspect ratios for the SWNTs in excess of 100 [Mitchell CA. 
Bahr JL. Arepalli S. Tour JM. Krishnamoorti R: "Dispersion of Fundionalized Cartjon 
Nanotubes in Polystyrene." Macromolecules 2002. 36:8825-88301. While 
compatibility between the polymer and SWNT is necessary for improved properties, 
the molecular principles for effecting such changes are yet to be adequately 
delineated. Indeed, previous efforts to produce CNT-elastomer composites with 
enhanced properties have been largely unsuccessful [Frogley MD. Ravich D. 
Wagner HD: "IVIechanlcai properties of carbon nanopartide-reinforced elastomers " 
Composites Science & Technoi. 2003, 63:1647-1654]. One would anticipate the 
properties would depend on a range of variables including, relative energetic 
interactions between the nanotubes and the polymer, concentration, configuration of 
the nanotubes and processing. In order to fully exploit the unique properties of 
polymer-SWNTs. it is imperative that an understanding and manipulability of 
configurations and spatial distribution of the nanotubes within the polymer host be 
developed. 

SUMMARY 

[0011] The present invention is directed to carbon nanotube-elastomer 
composites, methods for making such cart)on nanotube-elastomer composites, and 
articles of manufacture made with such cartson nanotube-elastomer composites. In 
general, such cartjon nanotube-elastomer (CNT-elastomer) composites display an 
enhancement In their tensile modulus (over the native elastomer), but without a 
significant concomitant reduction in their strain-at-break. 

[0012] In general, the methods of the present invention comprise the steps of: 1) 
mixing cart)on nanotubes with an elastomeric precursor (i.e.. a polymer capable of 
becoming an elastomer upon curing or vulcanization), and 2) crosslinking (i.e.. 
curing) the mixture to make a composite and/or blend of carbon nanotubes in arl 
elastomeric material. 

I0013I Generally, the amount (I.e., wt %) of carbon nanotubes In the CNT- 
elastomer composite corresponds In a profound manner to the properties the CNT- 
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elastomer composite has. These amounts, however, are dependent upon the type 
of CNTs used, and on any chemical modification and/or processing the CNTs have 
undergone. It is also dependent upon the elastomeric system employed. Suitable 
elastomeric systems include, but are not limited to. crosslinlced versions of 
poly(dimethylsiloxane) and other polysiloxanes. polyisoprene, polybutadiene 
polyisobutylene. halogenated polyisoprene. halogenated polybutadiene. halogenated 
polyisobutylene. lov^temperature epoxy. ethylene propylene diene mononomer 
(EPDM) terpolymers. polyacrylonitriles. acrylonitrile - butadiene rubbers, styrene 
butadiene mbbers. ethylene propylene and other a-olefin copolymer based 
elastomers, tetrafluoroethylene based, copolymers of hexafluoropropylene and 
vinylidene fluoride, perfluoro methyl vinyl ethers and combinations thereof. 
[00141 In some embodiments, the carbon nanotubes are single-wall carbon 
nanotubes (SWNTs). In these or other embodiments, the carbon nanotubes may be 
chemically-functlonallzed or othen«/ise modified. Such chemical modification may 
facilitate the mixing and/or dispersion within the polymer matrix. In some 
embodiments, chemically-modified CNTs interact chemically with the polymer matrix, 
and in some of these embodiments, the chemical interaction involves covalent 
bonding between the elastomer and the CNT or CNT-pendants. In some 
embodiments. CNTs are functionallzed with pendant groups capable of interacting 
with the polymer matrix and participating in the crossllnldng of the polymer matrix 



10015] In some embodiments, characterization of the dispersion states of these 
nanocomposites. via spectroscopy (e.g.. absorption and Raman), scattering (x-ray 
and neutron), microscopy (force and electron) and rtieological analysis, is used to 
evaluate the optimal nanocomposites. In some embodiments, the optimal conditions 
for networic formation and stress transfer for poly(siloxane). polyisoprene 
polybutadiene. polyisobutylene, fluoroelastomers. nitrile rubber and poly(propylene 
fumarate) based networi< structures in the presence of SWNTs using linear melt 
rheology. linear dynamic mechanical, differential scanning calorimetry and solvent 
swelling are examined using techniques such as Fourier transfonn infrared (in-|R). 
nuclear magnetic resonance (NMR), and Raman spectroscopies. 
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10016] In ^ embodiments, Ihe tensile and oon,presslve properties of these 

ed netwodc stn«tu™s ane measu»d, cooelated and op^mteed over the linea^a 
non-linear regimes until failure. 

10017] in some embodiments, single »all can,on nanolube (SWNT) based o^ss- 
^n^ polymer nanooomposi.es are prepared, tt,e,eby exploiting the dramaUc 
meohan^al properties o, SWNTs wh„e only lightly ,nc«aslng the weight^nd 
maintaining the Inherent flexibility Of the polymera. weignt and 

[00«] The foregoing has outlined rather bix»dly the featuies of the present 
.nven.on in order that the detailed desortpSon of the Invention that « J 
be er understood. Add^onal features and advantages o, «,e Invenrn^ 

descnbed herelnafterwhlch form the subjeot of the Claims of invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 

10019] For a more complete under^ndlng of «,e pi^sent Invention and the 
advantages .hereof, reference is now made to the following descdpuons talt 
conjuncuon wlft me accompanying drawings, in which- 

L^nan?::: ' ^ -^-^ - 

«2 J!^^ ' '^'^ /unconalizason of indi«dual SWNTs 

1002Z, FIGURE 3 illustrates an AFM analysis of fundonalized matertal obtained 
and (B) IS an amplrtude image of aryl bromide funcUonailzed nanotubes- 
r0023] FIGURE 4 iilus»a.es a TEM image of (A) washed and Hite^d SWNTs and 
B, was ed and Altered t-butyl ary, funcBonaiized nanotubes sho«.ng thi Ir 
ninctonaliza^on, the t.bes remain as individuals v«-.h ll«,e propen..y to r^t 
10024, FIGURE 5 depicts a Raman specOa (780.6 nm exdtation) of (A) Altered 
SDS wrapped SWNT, (8) aiyl chloHde fUncHonalized nanotubes , and (C the 
..no^ona^^ed nanotubes 1 after TGA ,650^, at) sho^ng the recover o Z 
pnstine SWNTs; '-"vwy or me 



10 



wo 2005/014708 



PCT/US2004/020108 



[00261 FIGURE 6 schematically depicts the functlonallzatlon of SWNTs in 
accordance with at least one embodiment of the present Invention; 
[0026] FIGURE 7 depicts stress vs. strain curves for a SWNT-PDMS composite 
(A) and a PDMS control (B). wherein the composite is seen to possess a 
significantly higher modulus; 

[0027] FIGURE 8 depicts normalized tensile modulus and elongation at break for 
compositions of SWNT wt %; and 

[0028] FIGURE 9 schematically depicts the ftinctlonalization of SWNTs in 
accordance witti at least another embodiment of the present Invention. 

[0029] DETAILED DESCRIPTION 

[0030] The present Invention Is directed to carbon nanotube-elastomer 
composites, methods for making such carbon nanotube^lastomer composites and 
articles of manufacture made witii such carbon nanotube-elastomer composites. In 
general, such caiton nanotube-elastomer (CNT-elastomer) composites display an 
enhancement in their tensile modulus and toughness (over the native elastomer) but 
wittiout a large concomitant reduction In tiielrstrain-at-brBak. Furthemiore in some 
embodiments, in addition to possessing enhanced mechanical properties such 
resulting CNT-elastomer composites may also have enhanced ttiermal and/or 
electrical properties. 

[0031] While the making and/or using of various embodiments of the present 
invention are discussed below, it should be appreciated that the present invention 
provides many applicable Inventive concepts that may be embodied in a variety of 
specific contexts. The spedfic embodiments discussed herein are merely illustrative 
of specific ways to make and/or use the invention and are not intended to delimit the 
scope of the Invention. 

[0032] In general, the methods of the present Invention comprise the steps of 1) 
mixing carbon nanotubes witii an elastomeric precursor (i.e., a polymer capable of 
becoming an elastomer upon curing or vulcanization), and 2) crosslinking the mixture 
to make a composite and/or blend of carbon nanotubes In an elastomeric material 
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[0033] Curing, according to the present Invention, entails effecting crosslinking 
within an elastomeric precursor so as to produce a "rubber-like" product. 
Vulcanization is a type of thermal curing. 

10034] CariDon nanotubes (CNTs). according to the present invention, Include, but 
are not limited to. single-wall cartjon nanotubes (SWNTs), multi-wall cartjon 
nanotubes (MWNTs), double-wall carbon nanotubes. buckytubes. fullerene tubes 
tubular fullerenes, graphite fibrils, and combinations thereof. Such carbon 
nanotubes can be made by any known technique Including, but not limited to. arc 
discharge [Ebbesen. Annu. Rev. Mater. Sci. 1994, 24:235-264], laser oven [Thess et 
al.. Science 1996. 273:483-487], flame synthesis [Vander Wal et al.. Chem. Phys. 
Lett. 2001. 349:178-1841. gas-phase synthesis [United States Patent No. 5.374.415], 
wherein a supported [Hafner et al., Chem. Phys. Lett. 1998. 296:195-202] or an 
unsupported [Cheng et al.. Chem. Phys. Lett. 1998. 289:602-610; Nikolaev et al 
Chem. Phys. Lett. 1999. 313:91-97] metal catalyst may also be used, and 
combinations ttiereof. Depending on the embodiment, the CNTs can be subjected to 
one or more processing steps prior to subjecting them to the mixing of tiie present 
Invention. In some embodiments, the CNTs are separated based on a property 
selected fi-om the group consisting of chirality. electrical conductivity, thermal 
conductivity, diameter, length, number of walls, and combinations thereof. See 
O'Connell et al.. Science 2002. 297:593-596; Bachilo et al.. Scfence 2002. 298:2361- 
2366; Strano et al.. Science 2003. 301:1519-1522. In some embodiments, the CNTs 
have been purified. Exemplary purification techniques include, but are not limited to 
those by Chiang et al. [Chiang et al.. J. Phys. Chem. B 2001. 105:1157-1161* 
Chiang et al.. J. Phys. Chem. B 2001, 105:8297-8301]. In some embodiments, the 
CNTs have been cut by a cutting process. See Liu et al.. Science 1998. 280:1253- 
1256; Gu et al.. Nano Lett. 2002. 2(9):1009-1013. The ternis "CNT" and "nanotube" 
are used synonymously herein. 

100351 In some embodiments, the CNTs are chemically modified. Such chemical 
modification can Include funcHonalization (derivatization) of the sidewalls and/or 
ends of the CNTs with functionalizing agents. Typically, such functionallzation 
involves covalent attachment of functional groups to tiie CNTs and can be carried 
out by any suitable and known technique. Typical functional groups Include, but are 
not limited to. phenyl groups, substituted phenyl groups, alkyl. hydroxyl. cariaoxyl. 



12 



wo 2005/014708 

PCT/US2004/020108 

sulfonic add. hydro,^iky|. alko;^. alkenyl. alkynyl, and combinations thereof 
d.nactly bound to tt« CNT or bound via soma alkyi spacer moiety, m some 
embodiments. tt,e ct«mical modification fadlllates dispersal of it» CNTs (especially 
SWNTs) and/or mbdng in tt,e elastomeric precursor. In these or other embodiments 
ttie func«onalization may pravide chemical and/or physical interactton with the 
elastomer matrix 

lOOSq Suitable elastomehc precursors (systems) include, but are not limited to 
Poy(d,methylsiloxane) and other polyslloxanes, polylsoprene. polybutadiene 
po yisobutyiene. halogenated polylsoprene, halogenated polybutadiene. haiogenated 
J»^«o utylene. k».,empera,ure epoxy, e«,ylene propylene ..ene mononomt 
(EPDM) terpolymers, polyacortonltriles, acrylonltrile - butadiene arbbers styrene 
bu.a<lane rubbers, ethylene propylene and other o«lefin copolymer based 
elastomers, tetrafluoroemylene based, copolymers of hexafluoropropylene and 
«nyi,dene fluoride, perfluoro methyl vinyl ethers and combina«ons thereof 
Elastomers and their precursors may generally be refened to as -polymers' her«la 
[0037] Mixing Of the CNTs vrfth elastomeric precursors can be done by one or 
mo-eofa variety of te*niques and/or operations. Such techniques include, butar^ 
not hmrted to mechanical stirring, shaking, solvent blending fdlowed by solvent 
removal *^n^crew blen<.ng. calendaring, pounding, compounding, and 
combma^ons thereof. Such mixing may be canted out at one or more temperatures 
in the range of about 20»C to about 400-C, and for a duration in the range of about 1 
second to about 3 days. In some embodiments, the mixing is done under a pre- 
defined atmosphere or environment, In some cases Involving one or more Inert 
gases, and at one or more pressures in the range of about O.OITon- to about 1000 

100381 in some embodimente, the CNTs and the elastomer precursor are mixed 

L^! , T (DMF), water. *torofor«,. 

Wlpyn^lrdone (NMP). acetone, me«.yl ethyl ketone (MEK). dichlo,x,methane 
toluene and combinations thereof, in some embodiments, a surfactant may be used 
to faalitate dispersion in a solvent or directly into the polymer host. In such 
embodiments, the CNTs are s^d to be "surfactant^pped.- Such surtactanto can 



13 



wo 2005/014708 

PCT/US2004/020108 

ba ionic (canonic, anionic or zw,«ertonic, or non^onlc. A co™«only used surfacten. 
« sod urn dodecyisulfete (SDS). ,n son» embodiments, a technique si as 

:eTr'"'"'*''"™'"''~^'"''''--"^'»''''-'^^^^=^a^ 
me elastomenc p^cursor. ,„ some embodiments, vacuum d,ylno is used a a 

pressures in the range of about 0.0001 mm Hg to about 760 mm Nn . 

etr"T " " "•'^ -o-c. " iia, :z 

embodiments, the nanotubes are p^Cpitated and amoved ttom the soivent 
^391 in some embodiments. CNT functionalizaflon and/or solvent choic» Is 
selettedsoastoprovideforenhancedmixinginsuchsoivents. 
100401 In some embodiments. Cl^s (modified or unmodified via functionali««cn 
surfactant wrapping, or other means) a« disposed in a solvent L , 
precursor ,s careful, selected and added : the di jerit rst" 
d,spers,on. For example, amine-tenHlnated isoprene or POMS could be utS 
I0M1] Generally, the amount (l.e., wt %, of carbon nanotubes in the CNT 
elastomer composHe conesponds In a pn..„,d manner to the prope^est Z' 
elastomer composite has. Nevertheless, the amount of CNT in 1 

aitrrrr " ^^^^ - - - - - ~ 
- r aid ra:;:r.rd^: :::r :::r r : " 

undergone, it's aleo dependent upon the elastomerlcsZempC 
100421 in some embodiments, other additives are added to the mbdure to refine or 
enhance the composi,e«end p^pertles. or to impart them wHh ntraron: 
ones. Such other additives can include but are not iimi..rf , - a<*"*onal 
ooi^ants. an.-deg.da„on agents, antlba:!:? aT nHalr 2"^"' 

10043, Curing the mixture to effect cresslinldng can also occur within a bread 
-nge and variety of process pa.mete,s depending on the partcuiar eTbodilt 
n some embodiments, one or more airing agems are used. In some emblems 
a cunng cat^yst Is used. In some embodiments, the curing process Ts IZ J 
acvated or enhanced. Generally, .^.ssllnldng comprises one o more .0:^ Z^s 
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in «^ range o, abo«, «,»C to about 250-0, one or mo™ p^ssu,^ ,„ 

atu 1 . ? T -^'^ 1 -con. .o 

obou. day. ,n.rt or o^d^ing env.n«,men,s may be employed depending upon Z 
partcu ar embodiment ,n some embodiments, cudng ,s effected by le. 

Tor T T ^'-^n^. ~ 

W or Chemical means (e.g., add, base, «dic^ ,n,«a,o,.,. Generally oosslinK 

den..«,,.erssu,«ngCHT..as.mer«,mpo^^^ 

10044] in some embodiments, the composite Is molded into a desired shape 

«mrr *^ °' -^"^^ " 

«med out pnor to cunng or w,th partial cudng. Such molding generally involves a 
transfer process by which the uncu^d material is transten^d to the mold 
I0045J Generally, the resulting CNT^astomer composites of the present 
|nvem,on have a 100-1000% increase In their tensile modulus and a 2 tl 100 , w 
-^ase ,n .he toughness relative to the native elastomer, butwHh a dec^r nl 
strain-at-break of less than 50%, 

I004«] m some embodiments, SWNTs are used as me CNT component of the 
CNT^astomer composite. ,n some cases, the unicue properfles of SWNTe 1 
.mpart the resulting composite with othenMse unattainable propertes. 
I0047J The equilibrium nanoscale dispersion of SWNTs In a polymeric matrix 
seneral y diCated by the thennodynamic interaCons between thT or^arid 
mongan,= components. Largely defeC-,»ee SWNTs derive their unique na^cn 
^-^-^^--es (described above, from their highly organized, near 1 eel sptj^td 
carbon stn^re. SWNTs have a rela«vely inert eurf.ce and a high cohes,« t^t! 

arhardH""' ' "^"^^ ^^^^ - ^ ^ 

are hard to <»sperse even in low molecule weight solvents, however they are easl, 

to d,sperse ,n their -as prepared- state than In their purifled state. hJ^TZ 

^spers,on of small quan««es of SWNTs In low molecular solvents and poZ^^ 

nanoZ: '^^'^ -*o: 

Tul T. ' ^"^'^ "H, Tour JM- 

Funconal^afon of cart.on nanotubes by eleCochemica. reduction of Z 
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cl,«onlum ^Its: A bueky paper electrode," JACS 2001, 123:6536^42, Bahr JL 
M,c elson ET, B^rtkowsw ^. Sna.,„ RE, Tour JM: "Dis»,uflon o, sma« dlamet 
smgle^a, carton nanohibes In organic solventsr Chen^ Comnu-n^tion. 2001 
193-194; Ausman KD, Piner R, Lourie O. Ruoff RS, Korobov M: 'Organic Solveni 
D.spe™ons o, Slng,e.«a,.ed Ca*on Nanofc,bes: Towa«. SoluOon o, ITj^l 
Nanotubes," J. Phys. Chem. B 2000, 104:891 1 - 8915]. 

tOOMl While not intendinfl to be bound by meory, SWNTs have been conside,ed 
as be^g analogous to rigid ™d polymers. It is well established mat mixture o, rod- 
hk. molecules and athennal solvents and mixtures o, rod-like molecules and 
ae^nnal «e«b,e polyme. can undergo -ent^pic den.-.ng" beyond a oi J vZ 
frac^on (♦„), «rt,ich to a first appro>cmaaon is given as [Ballauff M. Dorgan JR- 

VoIT:"!:' °' " « "olyn^r Blends 



^1, T!"- " « -ncent^uons, 

than a« system ,s nematic. On the basis of theoretical calculations, Ihe orter 
parameters, delined as: 

S = 1 - 1.5{Sinv) 

TlZ " "'T ' " - « '«™«>'"'- 

The „n e pers,stence iengm of the rod-like molecules and the lnte,.ct.ons among 

atn , ' ^ ^* C-^-*) Without 

altenng the location of the transition. 

rooso, Given the expedmentai and theore«cal work Involving rod-like molecules 
and pcymer coils, the overall pictum that emei^es is summarized as iollows 
Mbdures of rod^lke and random coi, polymers phase separate in the absenr^ 
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strong Intemiolecular Interacaons between the components tAmold JFE, Arnold FE- 
"RiflKf Rod Polymers and Molecular Composites," >w^. Polyn,. sd. 1994 117 257 ' 
295). The rncorporalion of strong Ionic Interactions or hydrogen bonding between 
the constituents leads to the formation of them,odynamically stable nanoscoplcaily 
mixed systems. The properties of such nanoscoplcaily mixed systems are 
considerably different fmm those of the pu« component^n some cases leading to 
lyotropio behavior, In other cases leading to considerable enhancement of physical 
and mechanical pmperties, and m still other cases causing «,e fracture mechanism 
to be completely altered. The addition of articulated branches to the rodHIke 
molecules leads to a significant lowering of rod aggregation and In some cases 
dramatic Increases In tensile strength [Bai SJ, Dotrong M. Evers RC: ■■Bulk rigid-rod 
mo ecular composites of articulated rod copolymers with thennoplastic pendants - J 
Polyn. Sa■.:PartB:Polym.Phys.^SSZ,30■.■\S^5-1S2B]. ' ' 

10061] In light of the above considerations, for their 1UII potential to be realized 
generally high degrees of SWNT sldewall functlonalization must be achieved' 
thereby generating compounds that are more compatible with composites and are 
more soluble n^el* s, Maultzsch J, Thomsen C, Or^ejon P: "Tight^i^^ng 
descnptron of graphene,^^ Physical Review B 2002, 66; Girifaco LA, Hodak M- "Van 
der Waals binding energies In graphitic st.ucturt.s,- Physical Review a 2002 65- 
Ginfala> lA Hodak M, Lee RS: "Carijon nanotubes, buckyballs, ropes, arid a 
unrversal graphitic potential," Physical Review B 2000, 62:13104-13110] The 
electrochemical reduction of diazonium salts IBahr JL, Yang JP, Kosynkin DV 
BronikowskI MJ, Smalley RE, Tour JM: "Function^ization of cart»n nanotubes bJ 
ete*ochemlcal reducf on of aryi diazonium salts: A bucky paper eiectr„de," JACS 
2001, 123:6536-6542] and themially-generated diazonium compounds wll, readily 
ftrnctlonallze SWNTs [Bahr JL, Tour JM: "HIgNy fUncUonelized carbon nanotubes 
usmg in sllu generated diazonium compounds," Chen, Mater 2001 13-38231 
However, a severe limitation of all Ct^ functlonalization processes thus fer has been 
the extraordinary amounts of solvent needed (-2 L/g coupled with sonlcation In most 
cases) for the dissolution or dispersion of the SVWTs. Solvent-free 
functionallzations have been developed (See FIGURE 1). that avdd the use of 
solvent for lunc«onallzation, fonn ve^r few slde^Hoducts, and can be used to 
rntroduce a wrde variety of organic iUnctionallty onto the sldewall (and possibly the 
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end) of the carbon nanotube during the functlonallzatlon protocol [Tanaka K, Toda F: 
"Solvent-free organic synthesis," Chemical Reviews 2000, 100:1025-1074; Dyke CA, 
Tour JM: "Solvent-free functlonalization of carbon nanotubes." Joumai of the 
American Chemical Soaety 2003, 12S: 1156-1157]. Referring to FIGURE 1, SWNTs 
are reacted with a substituted aniline 1 in the presence of an organic nitrate to yield 
functionalized SWNTs 2. This methodology produces funcHonallzed nanotubes 
thereby leading the way for large-scale functionalization of the materials and 
providing a fundamentally different approach when considering reaction chemistry on 
these unique materials. Not only does this solvent-fl-ee methodology overcome 
reaction solubility and scale concerns, but it also offers the added advantages of 
being cost-effective and environmentally benign. The reaction has been conducted 
on multi-gram quantities of carbon nanotubes thereby supplying the amount of 
nanotubes required for structural materials applications. 

[0052] In many of the various embodiments of the present invention utilizing 
functionalized CNTs. the above-mentioned solvent-free method is utilized to provide 
functionalized CNTs (although other methods can be used). The solvent-free 
method, in particular, has made functionalization industrially feasible since it permits 
the large-scale functionalization, even In situ (if desired) in a twin-screw blender by 
adding the nanotubes, aniline, and a nitrite. In some embodiments, after a short 
residence time, polymer can be added, and the inorganic byproducts can be left in 
the polymer blend. The functionalization groups are not eliminated from the 
nanotubes. to any significant extent, until a temperature In the r^nge of 280-400 •C, 
well above the worthing range of the targeted applications. For example, downhole 
oilfield applications generally peak at -150 «C and may rise to 190 °C only in the 
extreme. 

[0053] The above-described solvent-free process Is not limited to SWNTs. The 
solvent-free process also worths on MWNTs. See Dyke CA, Tour JM: "Solvent-free 
functionalization of carbon nanotubes," Journal of the American Chemical Society 
2003. 125:1156-1157. This is advantageous because the chemistry of MWNTs is 
believed to be far more limited than for SWNTs. 

[0054] Another technique employed to overcome the insolubility of carbon 
nanotubes. in accordance with the present Invention, is the functionalization of 
individualized SWNTs [Dyke CA, Tour JM: "Unbundled and highly functionalized 
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ca*on nanotubes from aqueous reactions." We«o Letters 2003, 3:1215-1218] In 
the above discussion of solvent^e tecl^iques. bundles of nanotubes, treated with 
reectve reaaente, are mechanochemlcally exfoliated. In that case, as weii as In 
most other ft,nctionaliza.on ^porte, what resets are func«onai,zed bundles or 
Of nanotubes mnCionailzed U. various degrees. However, dispersing 
Carney nanotubes as Indi^duals pdor u, a funConalization reacBon deiivT^ 
^,«dual *.nConal,zed carbon nanotubes. Although no. ini,a,i, appiicabie . Ce 

" 8— «on 0, 
SM^s that are .ncapable of tube-lube re-^ping; .hey clearty overcome .he inhe^m 
themwdynamic lntem,ole«,lar cohesive drive (0.5 eV per nanometer) to ^-bundle 

m ^""f"^''^*""" ^^""^ '"™'ving individual CNTs have been 
IT"" HiPco-p^duced SWMTs (Carbon Nano.echnolog.es Inc., 
Houston TX). thatwero wrapped in sodium dodecylsulfate (SDS), with a diazonlum 
^eaes (St^no MS, Dyke CA, Usrey ML, Barone PW, Allen m. Shan HW KWrC c 
Hauge RH, Tour JM, Smailey RE: "Electronic s*.Cu,e contn,, of sing^^ 
carbon nanotube *.nc.iona,,za«on,» SCence 2003, 301:151^1522; Dyke CA C 
JM: -unbundled and highly fun.«onalized carbon nanotubes *Im aXZ 
reactons," N.no Letter. 2003, 3:1215-1218,. Referring to FIGURE 2 
ajnc^onalizatlon of these stable suspensions of SOS-wrapped SWNTs (SWNT/SDsi 
d 3zon,um sails 3 yields hea,.iy-,uncBonalized SWNTs 4 with greaay increased 
^ Of soivenls. In.eres.,ngly, tbis ma^rial 4 .speL L ^d?. 
SWNTs ,n organic solven. even a.,er removal of me surfactant which is deariy 
ev,d«,. from atomic force microscopy (APM, and *.nsmisslon elect^n n^cros^p^ 
(TEM) analyses. Refemng to FIGURE 3, AFM analysis reveals a height Image (A) 
and an amplitude image (B, of aryi b^mide fUndonailzed nanotubes p3^ 
from a DMP solu«on on.o a freshi^eaved mica surf.ce. The unfunCo^ 
« ma^rial bundles after .moval of the surfactant: however, *a nanlt^ 
ma are functonal^ed as individuals dlspe,^ as Indl^duals in organic so^ent 

SWNTS, Whereas TEM Image (B) shows washed and filtered t-butyl arJ 
^ncon^ized nanotubes, wherein 1. Is seen ^ me U,bes remain as i™ii„dul wim 
me propen.w to re-rope. The ability to separate me dw^ren. tube types usmgmte 
app^ach Of selective fundonai^atlon would pem,« the condudv,,, oTme blends to 



19 



wo 2005/014708 

PCT/US2004/020108 

be variable. WWle «,n« embodiment, of fte present invention provide for 
funcfonaiization of CNTs Individually disper^d In a surfectant system others 
involve funconalization of CNTs dispersed In Intet^latlng aoids (Hudson J L- 

^Z"m "'.VT' ^'"^ '^""^"^ Single Wa,; 

carbon Nanotubes.- J. An,. C/»m. Soc., submitted). Such intercalatng adds 
^clude, b^ are not limited to, oleum. methanesUfonic aad. and combinaSons 
thereof. These individualized (unroped or unbundled) CNT may give enhanced 
properties over the funcHonallzed ropes, 

* "^H^V P'lV"'-^^"''" IS conducted 

off Of *e CNT bundles or individuals from the addends. fSee PCT Patent 
Applicabon, entitled "Polymerization Initiated at the sidewalls of carton nanotubes" 
to Tour et al, flied June 21, 2004 (Attorney Docket No. 1 1321-P068WO), ooowned 
by Assignee of the present Appllcationl. In this way the CNTs can be the point of 
ongin ior a polymer chain that either matches the host elastomer type In that case 
similar molecular weight of the addends to the blend could help to overcome entmpy 
Of m^g problems) or have addends that mix well with the blend material Z 
enthalp,c rather than enl^plc reasons. In «,e resuWng mateilal, ther» need not even 
be a blend host-every nanotube could be the g,* point for multiple elastomedc 
segments. 

10067] In some embodiments, Raman spectroscopy Is used to characterize the 
fun<*oh3l,zed CNTS. Refenlng to FIGURE 5, Raman spectroscopy (7806 nm 
excrtation can be used to vedty that the material Is functlonaHzed as IndMduals 
«^e^n (A) is the spectrum of filtered SWNTs«DS, (B) is ary, chloride fUncdonalized 
SWNTs 4, and (C) Is functionallzed nanotube 4 after TGA (650-C, Ar) showing Ihe 
re^very Of me pnstlne SWNTs. Cleariy, the material is highly fOnConalized as 

rnTT r "V''"^'' '"''"'"^ ^" ^ 

[Dyke C^ Tour JM: -Unbundled and highly mnConallzed carbon nanotubes ttom 

aqueous reactions." Nana ums 2003. 3:1215-1218,. This further underscores that 

ft.noaonal.zed CNTs oould be used for enhancing blending, followed by hea«ng of 

the blend to remove the CNT^>endanl8, thereby regeneraUng the opBoal and 

eleconic preperties of the starting CNTs. Heating to 350-400-C is generelly 
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IW1S8, Thus, CNT8 can b. co^lized with polymer n««ces by chemlcaHv 
suggested that the outstandina tenQiio r%r«r.«^:^ 

Brinson LC- "Fff«r^o * . 361.57-61; Fisher FT, Bradshaw RD, 

compression, BKely aHse m.m me ability o, nanotubes rfor^nrrCs 1 

[0059] fn summary, the present invention provides CNT 

techniques discovered bv L i T ' ^^P''^^*"' 

M"w«> olscoverea by the inventors to function wpII in th^ ^ 



21 



wo 2005/014708 



PCT/US2004/020108 



that many changes can be made In the specific embodiments that are disclosed and 
still obtain a like or similar result without departing from the spirit and scope of the 



invention. 



Example 1 

[0061] This Example serves to illustrate how an elastomer can be reinforced with 
functionalized single-walled carbon nanotubes (SWNTs) to provide a high strength 
CNT-elastomer composite with a high breaking strain and a low density The 
resulting material, produced with 0.7 wt % of functionalized SWNTs. exhibits a three 
fold Increase in the tensile modulus while retaining a strain-at-break of 6.5. a number 
almost identical to the un-reinforced (native) system. These results are noteworthy 
because, while additives can be applied within elastomers to make them have a 
higher tensile modulus (stiflriess). they generally cause a concomitant large 
reduction in the strain-at-break. The optimal effect occun-ed at about 4 wto/o addition 
where you see approximately S-fold increase In the modulus with almost no change 
in the strain-at-break 

[00621 in this Example, crosslinked elastomers comprising functionalized SWNTs 
were prepared using amine temiinated poly(dimethylslloxane) (PDMS) with weight 
average molecular weight of 5.000 daltons. Crosslink densities, estimated on the 
basis of swelling data in toluene, indicated that the polymer undenvent crosslinking 
at the ends of the chains. This crosslinking was thermally initiated and found to occur 
only in the presence of the aryl alcohol functionalized SWNTs. The crosslinking 
could have been via a hydrogen-bonding mechanism between the amine and the 
free hydroxyl group, or via attack of the amine on the ester linkage to forni an amide 
Tensile properties examined at room temperature indicated three fold increase in the 
tensile modulus of the elastomer, with rupture and failure of the elastomer occurring 
at a strain of 6.5. 

[0063] Specifically. crosslinked samples of an amine-termlnated 
polydimethylsiloxane (M, ~ 5000. Aldrich) with aryl-substltuted nanotubes (with 
alcohol terminus) (see FIGURE 6) were performed at 170»C In a heated press after 
initial degassing in a vacuum oven overnight at 120''C. The functionalized SWNT 
sample used was prepared according to the protocol described in Dyke. C. A • Tour 



22 



wo 2005/014708 

PCT/US2004/020108 

J. M. "Solvent-Free Functionalizatlon of Carbon Nanotubes" J Am CH.n. c 

then reacts with SWNTs in the Dres*.nr.<> • . ' ^ 

SWNTS8 Durinath^th T *° ^'^'^ functlonalized 

bWNTs 8. Dunng the thermal cure, the samples were subjected to a forces of 1 ton 
and continuously subject to vacuum f>««»r . . '° ^ ^o^es of 1 ton 

jr uujcw TO vacuum. Control samp es of crosslinked phr/ic 
prepared using a vinyl temilnated PDMS (M ~ 5000 Ju ZT T 
TPr»c rs ,. . '-^mo tiviw ~ 5000. HULS) and crosslinked with 

Exam plfi o 

PDMS With tetraethyl orthosllicate fTEOS^ ^ nr TT ^ terminated 

tOOesj The amount of TEOS added was calcuiflt^H f« 

r-qulred by stoiohlometty and physically added ,o «,e PDMrsWN^ ^ 
S^nnous 2-e«^he«noa.e was added as catalys, and addL at^r^oTsT; 
100 g ofchalns (ft,r20k, and 1.5 g / 100 g ofchalns flbr 7k, o, plL, „^ 
wassuffidentlvstin-edfnr 1 h«..r • ' "^PO'ymer. This mixture 

1 0/ r . " '^"'^ ^^^--^ the SWNT was in excess of 

1 wt % the samples were too viscous to be s«rred and toluene was addlH, I 
samples to lower the viscosity. Care was taken in . * 
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a. 35 -C under vacuum for 1 hour (sample should thicken considerably)- 
Olheraise hold for an addWonal 2 hours 

b. Raise T to 75 (under vacuum) and hold for 1 2 hours, 
o. Rsise T to 1 70 °C (under vacuum) and hold for 2 houra. 

The samples could then be removed from the vials, typically by breaking the vials. 
[0066] In some cases, Applicants have discovered problems wim glass 
santllaton vials and have followed an alternative procedure, wherein steps a and b 
use a polypropylene vial. The sample does not adhere to PP and can be easily 
™™»d. I, is then .ransfor^d to either a glass or quartz holder and flnal cured at 

t00671 Additionally, in at least one case. Applicants have observed some phase 
separation as soon as sf rnng was stopped. To compensate for this, (he Initial slow 
cure was canled out at 35 -C for 6 hours while keeping the sample stined and under 
a l,ght vacuum. After this, steps b and c without the s«n1ng, were performed with a 

Strong vacuum in an oven. 



Example 3 



[0068J Tens,le stres^straln measurements were perfom,ed on three micre- 
dumbbell specimens, prepared by molding in a high-temperature press with vacuum 
sucon applied to the specimen holders, at a test temperature of 25»C and an Instren 
cres^head speed of 0.57min, The data shov«, In FIGURE 7 illustrate the 
significantly higher modulus of me SWNT based PDMS elastomer as compared to 
me control sample with no SWNT. Moreover, the strain»^-break for the two 
samples are «,mparable. Based on a tot^ of six samples for the nanocon^osites 
and the unfilled elastomer: 



Y 

= 3.2 ±0.2 



'^control 



= 630 ±20% 
= 670±25o/o 
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Where Y„ano and Ycomroi are the tensile modulus estimated based on the linear 
behavior at low strain values for the nanocomposite and the control sample 
respectively, and and sj^^^ are the values of the strain-at-break for the 

nanocomposite and the control sample respectively. 

[0069] FIGURE 8 shows normalized tensile modulus and elongation at break for 
compositions of SWNT wt % and reflects the resulting CNT-elastomer composites of 
the present invention have a IOO-IOOO0/0 increase in their tensile modulus and 3 - 
1000 fold increase in the toughness, relative to the native elastomer, but with a 
decrease in the strain-at-break of less than 50%. 

[0070] Although the demonstration here is only for PDIVIS. the technique should 
work for a wide range of elastomers and a wide range of functional nanotubes. It is 
not restricted to the system shown here. They key is having these long nanotube 
structures linked within the elastomer matrix It will likely also work with multi-walled 
carbon nanotubes. 

[00711 All patents and publications referenced herein are hereby incorporated by 
reference. It will be understood that certain of the above-described structures, 
functions, and operations of the above-described embodiments are not necessary to 
practice the present Invention and are included In the description simply for 
completeness of an exemplary embodiment or embodiments. In addition, it will be 
understood that specific structures, functions, and operations set forth in the above- 
described referenced patents and publications can be practiced In conjunction with 
the present invention, but they are not essential to its practice. It Is therefore to be 
understood that the invention may be practiced othenfl^lse than as specifically 
described without actually departing from the spirit and scope of the present 
Invention as defined by the appended claims. 
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